Four species of the purple 'non-sulphur' bacteria (Rhodospirillaceae) were examined with respect to their dissimilatory sulphur metabolism. Under anaerobic conditions with C 0 2 as sole carbon source, cell suspensions of Rhodopseudomonas sulfoviridis, Rhodobacter veldkampii and Rhodobacter adriaticus, all dependent on reduced sulphur compounds for growth, oxidized sulphide to an intermediate compound (elemental sulphur, possibly polysulphides) that was converted either partly ( R . veldkampii) or completely into sulphate, whereas thiosulphate oxidation occurred without detectable intermediates. In contrast, Rhodobacter sulfidophilus oxidized sulphide as well as thiosulphate to sulphate. Both oxidations occurred with simultaneous excretion of sulphate and sulphite; the latter was subsequently also transformed into sulphate. In cell-free extracts the presence of a reverse sulphite reductase could not be proven. An adenosine 5'-phosphosulphate (APS) reductase could not be detected either, but all strains contained a membrane-bound sulphite oxidoreductase that is obviously responsible for sulphate production. This enzyme was solubilized and partly purified from R. adriaticus, Rps. sulfoviridis and R. sulJidophilus.
INTRODUCTION
After the account of Molisch (1907) it was assumed that the purple non-sulphur bacteria (Rhodospirillaceae; throughout the paper the new nomenclature of the phototrophic non-sulphur bacteria, as proposed by Imhoff et al., 1984, is used) were only capable of assimilatory sulphur metabolism: sulphide was supposed to be toxic for them. van Niel(l944) noticed the ability of Rhodopseudomonas palustris to use thiosulphate ; sulphide as photosynthetic electron donor for Rhodomicrobium vannielii was first mentioned by van Niel (1963) . Hansen & van Gemerden (1972) demonstrated the ability of several species of Rhodospirillaceae to use sulphide as electron donor, when they were grown in a sulphide-limited chemostat. These authors found that Rhodospirillum rubrum, Rhodobacter capsulatus and Rhodobacter sphaeroides oxidized sulphide only to elemental sulphur, whereas Rps. palustris converted sulphide to sulphate without measurable intermediates. During the following years an increasing number of Rhodospirilfaceae were isolated that not only showed remarkable sulphide tolerance, like Rhodobacter sulfidophilus (Hansen & Veldkamp, 1973) , but were even dependent on reduced sulphur compounds, namely Rhodopseudomonas suljoviridis (Keppen & Gorlenko, 1979 , Rhodobacter veldkampii (Hansen et al., 1975 Hansen & Imhoff, 1985) and Rhodobacter adriaticus (Neutzling et al., 1984) . These species perform a dissimilatory sulphur metabolism comparable to that of phototrophic sulphur bacteria. But little is known about intermediates and enzymes involved in sulphur oxidation of the phototrophic 'non-sulphur' bacteria. 1 ml trace element solution 'SL4' and 0-24 g Na2S . 9H20, 0-125 g Na2S203. 5 H 2 0 or 0-06 g cysteine as sulphur sources. Growth conditions for R. adriaticus, photolithoautotrophic growth, and determination of sulphide, thiosulphate, elemental sulphur, sulphate, and protein of whole cells and cell-free extracts have been described earlier (Neutzling et af., 1984) . Sulphite was determined by an enzyme assay employing sulphite oxidase and NADH peroxidase (Boehringer test combination no. 725 854).
E-yperimenrs with cell suspensions. These were done anaerobically in a 100 ml glass vessel, flushed with oxygenfree nitrogen as described by Neutzling & Truper (1982) .
Enzyme assays. For enzyme tests cells were harvested, suspended in 50 mM-Tris/HCI buffer, pH 8.0, and disrupted by passing them twice through a French press (1 10 MPa). Cell debris was removed by centrifugation at 15000 r.p.m. for 15 min (Sorvall RC5); the supernatant was defined as 'crude extract'. After centrifugation of the crude extract at 105OOOg in a Beckman ultracentrifuge two fractions were obtained: the supernatant was termed 'soluble protein' the pellet 'membrane fraction'.
Sulphite reductase (EC 1.8.99.1) assays with hydrogenase were done according to Yoshimoto & Sat0 (1968) ; sulphite reductase assays with electrochemical reduction of methyl viologen, and APS reductase (AMP, sulphite : ferricyanide oxidoreductase, EC 1.8.99.2) assays have been described earlier (Neutzling et al., 1984) . Sulphite oxidoreductase (sulphite : ferricytochrome c oxidoreductase, EC 1.8.2.1) assays contained in 1 ml: 50 pmol Tris/HCl pH 8.0,5 pmol EDTA, 1 pmol K3(Fe(CN),) and 5 pmol Na2S03. Decrease in the absorbance at 420 nm indicated enzyme activity ( E , ,~~ ferricyanide = 1.0 litre pmol-l cm-l). After subtraction of sulphiteindependent reduction, rates of ferricyanide specific activity were expressed as mU (mg protein)-', where 1 m U = 0.5 x 103.AA,2, min-I. Sulphite oxidoreductase assay with cytochrome c as electron acceptor was performed according to Triiper & Rogers (1971) .
Enzymepurijcation and characterization. Protein solutions were desalted by passing them through a Sephadex G-25 column, equilibrated in I O mM-Tris/HCI, pH 8-0. For enzyme purification ion exchange chromatography (Whatman DEAE 52 cellulose in 10 mM-Tris/HCl, pH 8.0), elution with a continuous NaCl gradient (0-400mM) and gel filtration (Sephacryl S-300, equilibrated in 50 mM-Tris/HCI, pH 8.0, containing 100 mM-NaC1) were used. Triton X-100 was removed by passage through a column filled with BioBeads SM2, according to the method of Holloway (1973) .
Molecular weights were determined by gel filtration through a Sephacryl S-300 column (2 x 60 cm), using the Boehringer Combithek no. 104558 with ferritin, catalase, bovine serum albumin, hen egg albumin, chymotrypsinogen A and horse heart cytochrome c as marker proteins.
Isoelectric points were determined by flat bed electrophoresis in an LKB Multiphor 21 17, using polyacrylamide gels (5%. w/v) with a final pH range of 3.5-9.0. Fig. 1 (a) demonstrates anaerobic sulphide oxidation by a cell suspension of Rhodobacter suljidophilus. A biphasic oxidation cannot be seen; sulphide consumption correlated with sulphate production. Small amounts of sulphite were excreted during oxidation, but after a significant decrease in sulphide concentration, this sulphite was transformed into sulphate also. No thiosulphate was consumed during the experiment, because the ability to oxidize thiosulphate is not constitutive (Hansen, 1974) . If thiosulphate was the only electron donor, however, R. suljidophilus showed a rapid oxidation of this compound with simultaneous production of sulphate and sulphite ( Fig. 16) ; the latter was subsequently oxidized to sulphate, too. Cell suspensions with lower protein concentrations, exhibiting much slower oxidation rates, excreted sulphite and sulphate in equimolar amounts. Sulphite as sole electron donor was insufficient; it'was only consumed if sulphide or thiosulphate were also present in the medium.
RESULTS A N D DISCUSSION

Experiments with cell suspensions
The same types of experiments were done with cell suspensions of Rhodopseudomonas sulfoviridis. In this case, sulphide oxidation was biphasic ( Fig. lc) : sulphide was taken up quickly and converted into a still unknown compound that gave a positive reaction in the elemental sulphur assay. Globules of elemental sulphur, however, were never detected during growth, as has already been described by Keppen & Gorlenko (1975). If sulphide-grown cells were disrupted and centrifuged, the pellet often contained sulphur globules. We therefore assume that Rps. sulfoviridis forms polysulphides within the cytoplasm or in the periplasmic space, which coalesce to form globules during centrifugation and in contact with air are oxidized to elemental sulphur. After consumption of sulphide, the intracellular polysulphides are subsequently oxidized to sulphate. Polysulphides as intermediate products in sulphide oxidation of several Thiobacillus species have already been discussed (Moriarty & Nicholas, 1970; Aminuddin & Nicholas, 1973 ; Schedel, 1978) . If colloidal elemental sulphur was offered as the only electron and sulphur source, sulphide appeared after a short time. Later sulphate could be detected in the medium (data not shown). This indicates that oxidation is preceded by an initial reduction of the elemental sulphur. (Neutzling et al., 1984) .
R. veldkampii was the first species within the Rhodospirillaceae that was found to be able to oxidize elemental sulphur partly to sulphate (Hansen et al., 1975) . With cell suspensions of this organism we found the same results, i.e. sulphide was taken up very quickly and converted into elemental sulphur. The medium also contained a certain amount of polysulphides, originating from a chemical reaction of sulphur with surplus sulphide. These polysulphides disappeared very quickly, too. The end products were elemental sulphur and sulphate (data not shown). When Hansen et al. (1975) grew this organism in a sulphide-limited chemostat, sulphide was directly oxidized to sulphate, and elemental sulphur was not detected. It is also known from bacteria with extracellular deposition of elemental sulphur, such as the Chlorobiaceae and Ectothiorhodospiraceae, that this sulphur was only further oxidized after sulphide had disappeared from the medium (Truper, 1978) . We therefore assume that intermediate production of elemental sulphur, sulphite or polysulphides in the Rhodospirillaceae is subject to a regulatory mechanism caused by higher concentrations of external sulphide. If elemental sulphur was offered as sole electron source right from the beginning, R . veldkarnpii oxidized this compound slowly to sulphate.
R. adriaticus also showed production of elemental sulphur. This sulphur was completely converted into sulphate, after the concentration of sulphide had decreased significantly (Neutzling et al., 1984) . Elemental sulphur as sole electron source was only partly oxidized to sulphate. In these cultures sulphide could not be detected.
New patterns of sulphide oxidation were demonstrated. Hansen (1974) reported that Rhodomicrobiurn vannielii formed tetrathionate as the major end product if grown in a sulphidelimited chemostat. Our investigations show that phototrophic sulphur oxidation is much more diverse. Rhodobacter suljidophilus is the first species of the phototrophic bacteria found to excrete sulphite during photolithotrophic growth on reduced sulphur compounds. On the basis of our experiments this sulphite production was due to regulatory effects. In the case of sulphide oxidation it seems obvious that the sulphite oxidizing enzyme was unable to follow the rapid sulphide consumption. Possibly sulphide had an inhibitory influence on these enzyme systems. During thiosulphate oxidation sulphite excretion was due to thiosulphate splitting. Either sulphone sulphur was oxidized to sulphate, and sulphane sulphur only to sulphite, which was excreted as in the case of sulphide oxidation, or sulphone sulphur was deposited outside the cells as sulphite, and the sulphane sulphur was oxidized directly to sulphate.
Cell suspensions of R. sulJidophilus and Rps. sulfoviridis showed a significant decrease in the oxidation rates of reduced sulphur compounds if acetate (10 mM) was present in the medium, a result which was also found with Rhodobacter capsulatus (Wijbenga & van Gemerden, 1981) . The authors supposed a competition between acetate and sulphide for an oxidized electron acceptor, probably NAD+. After consumption of the acetate, R. suljidophilus and Rps. sulfoviridis oxidized residual sulphide and thiosulphate, which had not been used for assimilatory purposes, to sulphate. (Schedel et al., 1979) and Thiobacillus denitrijicans (Schedel & Truper, 1979) a reverse sulphite reductase has been purified that is obviously responsible for sulphide or eledental sulphur oxidation to sulphite. Crude extracts of the Rhodospirillaceae strains we examined showed a certain 'activity', i.e. production of sulphide, if tested with a hydrogenase-dependent system, but attempts to purify one distinct enzyme were unsuccessful : either a correlation between sulphide production and protein concentration was not detectable, or sulphide production was found even after extracts had been boiled. We therefore applied a different assay system using electrochemical reduction of methyl viologen, but sulphite-dependent oxidation of this dye could not be detected. Therefore it appears unlikely that these species of Rhodospirillaceae contain enzymes comparable to those of C. vinosurn and T. denitrijicans. A sulphite reductase has indeed been Table 1 found in extracts of various species of Rhodospirillaceae, but it seemed to function only in assimilatory sulphur metabolism (Peck et al., 1974) . On the other hand, c-type cytochromes and flavocytochromes (Triiper & Fischer, 1982; Then & Triiper, 1983) have been discussed as being sulphide : acceptor oxidoreductases, catalysing sulphide oxidation to elemental sulphur and thiosulphate. By comparison of cytochrome patterns of heterotrophically and autotrophically grown cells of R. suljidophilus we have found that only the latter contained cytochrome css and significantly higher amounts of cytochrome c' (unpublished results). The function of these cytochromes is as yet unknown. It is unlikely that they are sulphide : acceptor oxidoreductases, because R. suljdophilus never produced elemental sulphur.
Enzymes Sulphite reductase. From autotrophically grown cells of Chromatiurn vinosurn
. Spec@ activities [m U (mg protein)-1] of sulphite oxidoreductase in
APS reductase. The absence of APS reductase in R. suljidophilus and R. adriaticus has already been reported (Hansen & Veldkamp, 1973; Neutzling et al., 1984) . This enzyme could not be detected in extracts from Rps. sulfoviridis and R. veldkampii either. So these results correspond with the suggestion of Triiper and Peck (1970) that the absence of this enzyme is a characteristic difference from species of Chromatiaceae. Sulphite oxidoreductase. Hansen & Veldkamp (1973) reported the presence of an AMP independent sulphite oxidoreductase in the soluble protein fraction of R. su&dophilus W4 [0.016 pmol sulphite min-' (mg protein)-* 1. Our investigations clearly demonstrate that this activity is due to low molecular weight compounds because: (a) after desalting the specific activity decreased drastically; (b) activity even remained after boiling for 10 min; and (c) after filtering through a Diaflo UM 2 filter (exclusion of all compounds above mol. wt 2000) 'activity' was detected in the ultrafiltrate.
In all strains, however, we found the main activity of sulphite oxidoreductase in the membrane fraction. Table 1 shows the specific activities of this enzyme in cells grown under various conditions. In the soluble protein fractions we could measure only very low activities [ < 5 mU (mg protein)-']. The results show that cells grown autotrophically with sulphide contained significantly higher specific activities than cells grown heterotrophically with sulphide. Therefore we assume that this enzyme plays an important role in dissimilatory sulphur metabolism of these species. Low activities of this enzyme have been reported for some thiosulphate-grown species of Rhodospirillaceae, but were only measured in crude extracts (Keppen et al., 1980) . R. veldkampii did not exhibit a clear correlation between growth condition and specific activity of sulphite oxidoreductase. But this organism produced mainly elemental sulphur during sulphide oxidation in batch culture. Elemental sulphur, however, was only oxidized to sulphate if it was the only electron donor. Better results could probably be obtained if this strain were grown photolithoautotrophically with elemental sulphur or in a sulphide-limited chemostat. From membrane fractions of sulphide-grown cells of R. adriaticus, Rps. sulfoviridis and R . su@dophiZus we partly purified the sulphite oxidoreductase using the following steps : (1) treatment with 1 % (v/v) Triton X-100 for 10 min at 37 "C; (2) removal of Triton X-100 with BioBeads SM 2 (except Rps. sulfoviridis); (3) ion exchange chromatography (DEAE 52 cellulose); (4) gel filtration with Sephacryl S-300. In all cases the enzyme was solubilized, but the purification yield was poor. Sulphite oxidoreductase from R. su&dophiZus seemed to aggregate after removal of Triton X-100; the specific activity decreased drastically, and the enzyme eluted within the void volume of the Sephacryl S-300 column, indicating a molecular weight of more than 1.5 x lo6. The enzyme of Rps. sulfoviridis did not adsorb to the DEAE 52 cellulose. It was eluted within the void volume together with Triton X-100. With this step we achieved the highest specific activity, but after gel filtration with Sephacryl S-300 (elution near the void volume) the specific activity decreased. So we assume that this enzyme formed aggregates, too. The best results were obtained with R. adriaticus sulphite oxidoreductase; here the enzyme could also be partly purified from the soluble protein fraction (see Table 2 ). During gel filtration with Sephacryl S-300 the soluble and the solubilized enzyme showed different behaviour (Fig. 2) , revealing different molecular weights. But both proteins exhibited similar PI values ; the soluble enzyme seemed to be a dimer of the solubilized one. Aminuddin & Nicholas (1974) purified a membrane-bound sulphite oxidoreductase from T. denitrijcans, but the molecular weight was not determined. However, this enzyme eluted within the void volume of a Sepharose 6B column, indicating a very large size. Therefore the enzyme of R. adriaticus appears to be the first membrane-bound sulphite oxidoreductase for which a distinct molecular weight could be determined.
An explanation for the low specific activities of sulphite oxidoreductases in the species of Rhodospirillaceae examined here could be that ferricyanide is a poor electron acceptor; concentrations above 1 mM were inhibitory in all cases. On the other hand the theoretical K, value for R. adriaticus sulphite oxidoreductase, calculated from kinetic data with lower concentrations of ferricyanide, would be 1.15 mM. The enzyme of this organism seemed to be less tightly bound to the membrane (about 30% of total activity was detected in the soluble protein fraction), whereas R. su@dophiZus and Rps. sulfoviridis appeared to contain a highly membrane-integrated enzyme. This rigid association may be due to a high content of hydrophobic regions, which may cause an aggregation of several enzyme molecules after removal of the detergent, a phenomenon described for several membrane proteins; and many membrane-bound enzymes are known that require the presence of phospholipids (Steck & Fox, 1972) . The low initial activities of sulphite oxidoreductases in the species of Rhodospirillaceae we examined correlated, however, with sulphate production rates of whole cells. If ferricyanide was replaced by cytochrome c (from horse heart and Candida crusei) the results were poor: the specific activity of the R. adriaticus enzyme decreased 27-fold (horse heart) and 9-fold (Candida crusei), respectively, and the specific activity of the Rps. sulfoviridis enzyme decreased 67-fold (horse heart). These results appear to be common to all sulphite oxidoreductases from phototrophic bacteria examined so far (Ulbricht, 1984) , whereas most Thiobacillus enzymes exhibit remarkably higher activities with cytochromes as electron acceptors (Charles & Suzuki, 1966; Lyric & Suzuki, 1970; Toghrol & Southerland, 1983; Lu & Kelly, 1984) . Some of the latter proteins even contained haem constituents that were essential for enzyme activity (Toghrol & Southerland, 1983; Lu & Kelly, 1984) . These enzymes, in contrast to those of phototrophic bacteria, are part of multi-enzyme systems which use molecular oxygen as the final electron acceptor. & VAN GEMERDEN, H.  HANSEN, T. A. ( I 974) . Sulfide als electrondonor voor (1975) . A new purple bacterium that oxidizes sulfide Rhodospirillaceae. PhD thesis, University of to elemental sulfur and sulfate. Plant and Soil 43, 17-G roningen .
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